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While tremendous work has gone into spin-orbit torque1–14 and spin current generation15, 16,
charge-to-spin conversion efficiency remains weak in silicon17 to date, generally stemming
from the low spin-orbit coupling (low atomic number, Z) and lack of bulk lattice inversion
symmetry breaking. Here we report the observation of spin-orbit torque in an amorphous,
non-ferromagnetic FexSi1−x / cobalt bilayer at room temperature, using spin torque ferro-
magnetic resonance1, 3, 4, 7–9, 11, 12 and harmonic Hall measurements5, 6, 10, 18, 19. Both techniques
provide a minimum spin torque efficiency of about 3 %, comparable to prototypical heavy
metals such as Pt1 or Ta3. According to the conventional theory of the spin Hall effect3, 20, 21,
a spin current in an amorphous material is not expected to have any substantial contribu-
tion from the electronic bandstructure. This, combined with the fact that FexSi1−x does not
contain any high-Z element, paves a new avenue for understanding the underlying physics
of spin-orbit interaction and opens up a new class of material systems - silicides - that is
directly compatible with complementary metal-oxide-semiconductor (CMOS) processes22–24
for integrated spintronics applications.
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Spin-orbit torque (SOT) induced magnetization switching has shown great potential for next-
generation magnetic memory technologies25. Intense effort is currently in place to explore new
materials for and new mechanisms of SOT as well as its use for next generation logic computing
and beyond14–16. Conventionally, when an in-plane current is applied through the non-magnetic
underlayer with strong spin-orbit interaction in a non-magnetic / magnetic heterostructure, a trans-
verse spin current is generated. There are two main physical mechanisms responsible for the spin
current: (i) spin Hall effect (SHE) stemming from Berry curvature of the bulk bandstructure or
scattering off heavy (large atomic number, Z) impurities1, 20, 21, 26 and (ii) the Rashba-Edelstein ef-
fect (REE) due to broken inversion symmetry at the interface2, 27, 28. The spin current in turn exerts
a torque on an adjacent magnetic layer 29–31. In most material systems, these two physical mech-
anisms can act in parallel, and it has been challenging to differentiate their separate contributions
quantitatively13.
Spin-orbit torque has been demonstrated in various non-magnetic materials including heavy
metals1–3, topological insulators4, 7, semiconductors8, 9, two dimensional materials10, 11, and three
dimensional semi-metals12. Beyond these prototypical materials, here we report the observation of
spin-orbit torque in an amorphous, non-ferromagnetic iron silicide (a-FexSi1−x) and cobalt (Co)
bi-layer at room temperature. By injecting an in-plane charge current in a-FexSi1−x, a torque is
exerted on the magnetic moments in the adjacent cobalt layer (Fig. 1a). This torque results in an
appreciable modulation of the magnetization that is detected electrically via the spin torque ferro-
magnetic resonance technique and harmonic Hall measurement. Both techniques yield a minimum
spin torque efficiency of approximately 3 %, which is the same order of magnitude as platinum (8
3
%)1 and 300 times larger than the spin Hall angle (spin torque efficiency) reported in crystalline,
p-type silicon (0.01 %)17. In contrast to the trends observed conventionally, substantial spin orbit
torque from an amorphous, low-Z material indicates that a reasonably strong spin current can be
generated in a material lacking a bandstructure or heavy element.
FexSi1−x, along with many other transition metal silicides, has been utilized extensively in
the semiconductor industry. For decades, silicides have been instrumental in forming electrical
contacts, gate electrodes, local interconnects and diffusion barriers23 in very large scale integration
(VLSI) technologies. Moreover, self-aligned silicidation (SALICIDE) remains a critical process in
ensuring low contact and series resistance to the source and drain region of a planar metal-oxide-
semiconductor field-effect transistor (MOSFET)22, 24. Metal silicides remain a crucial technology
as the down scaling of transistors progresses, enabling better performance and denser packing of
devices on an integrated circuit. In our FexSi1−x films, the silicon composition ranges between
55 % and 60 %. The amorphous nature of FexSi1−x films with similar concentration has been
studied extensively32, 33, and the amorphous structure in our devices was further confirmed by high-
resolution cross-sectional transmission electron microscopy (HR-TEM) and synchrotron grazing
incidence X-ray diffraction performed directly on the bi-layers. In the HR-TEM image (Fig. 1b),
no nanocrystal formation or evidence of lattice fringes are observed across the FexSi1−x layer.
Additional TEM based structural characterizations of FexSi1−x such as local fast Fourier transform
also confirm its amorphous phase (Extended Data Fig. 1). In Fig. 1c, the X-ray 2D pole figure
shows the diffraction pattern of a 10 nm Fe45Si55 film. A highly diffused pattern is observed and
only sharp peaks and Kikuchi lines corresponding to the single crystal silicon substrate are present.
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By contrast, the Fe45Si55 / Co bilayer contains additional reflections from the thin crystalline cobalt
layer (Fig. 1d). The absence of a diffraction signal from the silicide layer confirms the lack of long-
range order or nanocrystals in the FexSi1−x thin films (Extended Data Fig. 2).
Our bilayers constitute approximately 6 to 10 nm of a-FexSi1−x and 4 nm of cobalt, grown
on amorphous silicon nitride on silicon substrates with oxidized aluminum as a capping layer to
prevent the cobalt surface from oxidizing (Fig. 1a). a-FexSi1−x and cobalt are grown by electron
beam evaporation with controlled composition of iron and silicon via co-evaporation; compositions
were verified using Rutherford Backscattering Spectrometry. Aluminum, which is subsequently
oxidized by exposure to air, is deposited from an effusion cell. The cobalt magnetic moments are
oriented in-plane (Extended Data Fig. 3), and the a-FexSi1−x layer at both compositions (x=40 and
45 %) show no appreciable ferromagnetism (Extended Data Fig. 4). For device fabrication, we
use Ar ion-milling and optical lithography to pattern the film stack into desired device structures.
To characterize the SOT in a-FexSi1−x / Co, we first performed harmonic Hall measurements
of the effective magnetic fields due to SOT5, 6, 10, 18, 19. The samples are patterned into a single Hall
bar structure (Fig. 2b) and an a.c. current is injected along the x-axis (Fig. 2a). Both first (V1ω) and
second (V2ω) harmonic transverse voltages are detected (Fig. 2c, d). During the measurement, the
equilibrium direction of the Co magnetic moments is pinned by a fixed in-plane external magnetic
field as the sample is rotated. We conduct this in-plane angle scan as a function of both current and
magnetic field magnitude. If a SOT is present, a quasi-static oscillation of the cobalt moments can
be induced and hence an oscillating Hall voltage. In this case, a Hall voltage at twice the injected
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a.c. current frequency will be excited5, 6 (Fig. 2d). In addition to the SOT contribution, V2ω also
includes signals induced from the thermoelectric effects due to joule heating of the oscillating
current that scales quadratically with current. Thus, thermal effects such as ordinary Nernst effect
(ONE) and anomalous Nernst effect (ANE) can be present in V2ω and extracting the SOT effect
requires careful analysis19 (see also Methods, Extended Data Fig. 5).
After doing the comprehensive angle (ϕB), current and magnetic field dependent sweeps,
we carefully analyzed V2ω. First, the coefficient of the cos(2ϕB)cos(ϕB) component is extracted,
giving the field (FL) -like torque effective field voltage that scales as 1/Bext (Extended Data Fig.
5b). The FL-like torque effective field includes both the FL-like spin-orbit torque (∆BFL,SOT ) and
FL-like torque due to Oersted field (BOe) contribution. By filtering out the Oersted field, strong
FL-like SOT effective fields are still present (Fig. 2e). Next, we are left with a cos(ϕB) term which
contains three contributions including the damping (DL) -like torque effective field (∆BDL), ANE
and ONE (Extended Data Fig. 5a). By considering the magnetic field dependent sweep, we can
distinguish between these three contributions separately since the DL-like torque effective field
scales as 1/(Bext + µ0Meff ) (Extended Data Fig. 5c), the ANE is constant with external field
and the ONE scales linearly with external field19. In our data, clear signatures of both the DL-like
and FL-like effective fields due to spin-orbit torque are present (Fig. 2e, f). Both the field-like and
damping-like effective fields scale linearly with the injected current densities in the FexSi1−x layer,
confirming the presence of both DL-like and FL-like SOTs (Fig. 2e, f).
We further confirmed and characterized spin-torque strength by spin-torque ferromagnetic
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resonance (ST-FMR) which, in the past, has been used to quantify SOT strength in heavy metals,
topological insulators and semi-metals1, 3, 4, 7–9, 11, 12. The schematic of the measurement setup is
shown in Fig. 3a. We fabricated 3 x 9 micron strips and contacted them with co-planar waveguides
(Fig. 3b) for radio-frequency (RF) current injection. The injected in-plane RF microwave current
induces a torque that acts on the magnetization of the Co layer, yielding an oscillating anisotropic
magnetoresistance (AMR). By sweeping an in-plane field, the criteria of ferromagnetic resonance
can be fulfilled and a resonance line shape can be obtained by measuring the d.c. mix down
voltage (Vmix) stemming from the mixing between the oscillating AMR and RF current. From the
line shape of Vmix versus external field, symmetric and anti-symmetric components are extracted
which respectively correspond to the in-plane (mˆ × (−yˆ × mˆ), ‖) and out-of-plane (−yˆ × mˆ, ⊥)
component of the current-induced torques (Fig. 3a).
The resulting (Vmix) line shapes measured at frequencies from 6.5 GHz to 9 GHz shows a
strong presence of resonance due to the SOT in the a-Fe45Si55 (8) / Co (4) bilayer (Fig. 3c). The
magnetic field is oriented in-plane with angle of ϕB = 45° from the current direction. To analyze
the details of various components of the SOT, we fitted both a symmetric and an antisymmetric
Lorentzian function (Methods) to the line shape. A typical fit is shown at 6.5 GHz in Fig. 3d. Both
symmetric and anti-symmetric components are clearly present.
The often-used figure of merit for charge-to-spin conversion efficiency is the so-called spin
torque efficiency ξ. Notably, this metric captures all possible spin current generation mechanisms
and is not only limited to the bulk spin Hall effect. The harmonic Hall measurement and the
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ST-FMR measurement separately and independently provide a measure of ξ. From the harmonic
Hall measurement, assuming perfect interface transparency, i.e, the magnet absorbs all generated
spins or all transferred momentum, the effective spin torque efficiency follows6, 18 ξDL = 2 | e |
MstFMµ0HDL/(h¯jNM), where Ms is the saturation magnetization of Co (Extended Data Fig. 3),
tFM is the thickness of Co, µ0HDL is the damping-like torque effective field strength and jNM is the
current density flowing through the FexSi1−x layer (Methods). Notably, this expression captures
the amount of spin current generated per charge current injected in the FexSi1−x layer. From the
analysis, we obtained a ξDL of 11.92 % for a-Fe40Si60 / Co and 3.98 % for a-Fe45Si55 / Co (Table
1).
From the ST-FMR technique, the ξDL can be calculated from the expression1 ξDL = (S/A)(|
e | µ0MstFM tNM/h¯)
√
1 + (4piMeff/Hres), where S/A is the ratio between the symmetric (Vs)
and antisymmetric (VA) Lorentzian of Vmix, µ0 is the vacuum permeability, tNM is the thickness
of the a-FexSi1−x, Hres is the resonance field and 4piMeff is the demagnetization field obtained by
fitting to the Kittel relation (Extended Data Fig. 6). This method assumes that the VA is dominantly
attributed to the FL-like torque due to Oersted field which under the presence of strong FL-like SOT
may obscure the accuracy of the ξDL. Since the FL-like SOT effective field and Oersted field are
confirmed to be in the same direction from the harmonic Hall measurement, this method actually
serves as a lower bound of ξDL. Historically, it has also been shown that different methods of
ξDL extraction with ST-FMR yielded values less than one order of magnitude difference7. The
accurate ξDL could vary between techniques, nevertheless, the ST-FMR serves the main purpose
to confirm the presence of SOT in FexSi1−x / Co. From the analysis, we obtained a ξDL of 4.30
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% for a-Fe40Si60 / Co and 2.56 % for a-Fe45Si55 / Co (Table 1). Finally, to probe the effect of
Fe in the a-FexSi1−x layer with respect to the SOT, a control experiment was performed using
heavily phosphorous-doped amorphous silicon with no iron doping. No discernible spin-orbit
torque signature could be found in either the ST-FMR (Extended Data Fig. 7) or in the harmonic
Hall measurements (Extended Data Fig. 8). Therefore, the presence of Fe is clearly necessary for
spin current generation in a-FexSi1−x.
Recent work has shown that an intrinsic contribution to spin current is possible from the
anomalous Hall effect34, 35. However, this not only requires a fixed ferromagnet as spin source but
also utilizes ferromagnet-spacer-ferromagnet structure36, 37 and the torque follows the symmetry of
a spin accumulation in the magnetization direction of the fixed ferromagnet. Both device configu-
ration and torque symmetry are completely different from our experiments (see Methods for more
details). On the other hand, the torque symmetry observed in our experiments are well aligned
with what would be expected from a giant SHE and/or Rashba-like interfacial torque. However,
the conventional theory describing the intrinsic contribution to the SHE cannot be directly applied
as it is formulated based on crystal momentum, k, which is no longer a good quantum number in
amorphous materials due to the absence of lattice periodicity. This point, together with the fact that
neither of the elements, Fe or Si, are heavy, make this work very distinct from existing reports on
spin orbit torque and spin current generation. Historically, it has been very challenging to cleanly
separate out effects owing to the broken symmetry at the interface from those coming from bulk
bandstructure of the SOT metal. By contrast, in our experiments any effect coming from the bulk
bandstructure is expected to be minimal.
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To summarize, we have demonstrated that amorphous FexSi1−x can generate a SOT of sim-
ilar magnitude as prototypical heavy metals such as Ta3 or Pt1. The observed SOT does not con-
form directly to the conventional theories of spin current generation13, indicating a potentially new
mechanism for spin-orbit torque. This work also extends spin current generation to a completely
new class of materials, i.e. silicides, which is ubiquitously used in CMOS technology. The diverse
set of available silicides provides an exciting playground for investigating the underlying physics
of spin current generation as well as potential for use in integrated Si technology.
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Fig. 1. Structural characterization of the FexSi1−x / cobalt bilayer with high-resolution
transmission electron microscopy and synchrotron X-ray diffraction. (a) Details of the sam-
ple stacks under study. (b) High-resolution cross-sectional TEM of the sample with FexSi1−x
(x=45%). The FexSi1−x layer shows a fully amorphous structure without any nanocrystal forma-
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tion. The FexSi1−x layer is grown on a 300 nm amorphous silicon nitride on silicon substrate. The
cobalt layer is capped with 2 nm oxidized aluminum then 3 nm of silicon nitride (partially shown
as the topmost layer). (c) Synchrotron X-ray two-dimensional pole figure of bare Fe45Si55 (10 nm)
on a 300 nm silicon nitride on silicon substrate capped with 2 nm aluminum oxide. Only concen-
trated intensities corresponding to silicon (1 1 1) and (2 2 0) forming the Kikuchi lines are present.
Otherwise, diffuse patterns from the amorphous FexSi1−x show the lack of long-range order. (d)
Synchrotron X-ray two-dimensional pole figure of Fe45Si55 (8 nm) / Co (4 nm) on 300 nm silicon
nitride on silicon substrate capped with 2 nm aluminum oxide. On top of the silicon (1 1 1) and
(2 2 0) peaks, additional sharp cobalt peaks are the only contrast to the Fe45Si55 bare film 2D pole
figure.
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Fig. 2. Harmonic Hall measurement of FexSi1−x / cobalt bilayer. (a) Schematic of the har-
monic Hall measurement setup. Low frequency a.c. current is applied along the x-direction and
the magnetic moments of cobalt are pinned by a rotating external magnetic field in the xy plane.
(b) Optical microscope image of the fabricated single Hall bar device. The current line is 5 mi-
cron in width and the voltage line is 3 micron in width. Both lines are 30 micron in length. (c)
First harmonic voltage of the Fe45Si55 / cobalt bilayer. The first harmonic voltage is essentially the
planar Hall voltage that scales as sin(2ϕB). (d) Second harmonic voltage of the Fe45Si55 / cobalt
bilayer. The second harmonic voltage contains information on field-like (FL) torque effective field,
damping-like (DL) torque effective field and thermoelectric effects. The FL-like torque effective
field scales as cos(2ϕB)cos(ϕB). The DL-like torque effective field and thermoelectric effect scale
as cos(ϕB). (e) FL-like torque effective field due to SOT and Oersted field as a function of injected
current density in the FexSi1−x layer. The linear trend confirms the presence of appreciable FL-like
spin-orbit torque. (f) DL-like torque effective field as a function of injected current density in the
FexSi1−x layer. The linear trend confirms the presence of appreciable DL-like spin-orbit torque.
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Fig. 3. Spin-torque ferromagnetic resonance (ST-FMR) measurement of Fe45Si55 (8) / cobalt
(4) bilayer. (a) Schematic of the ST-FMR setup and sample geometry under study. τ‖ is the in-
plane current-induced torque component, τ⊥ is the out-of-plane current-induced torque component
and ϕB is the angle spanned between the in-plane field and RF current direction. (b) Optical
microscope image of fabricated ST-FMR device with dimension of 3 micron in width and 9 micron
in length. The coplanar waveguide (gold color) serves as the microwave transmission contact to
the device. (c) ST-FMR spectrum measured on Fe45Si55 (8) / cobalt (4) versus applied external
magnetic field with RF frequency from 6.5 GHz to 9 GHz. (d) ST-FMR Vmix lineshape fitting on
Fe45Si55 (8) / cobalt (4) versus external magnetic field at RF frequency 6.5 GHz (Methods).
15
Table 1. Spin torque efficiency | ξDL | extracted from harmonic Hall measurement and ST-
FMR on FexSi1−x / cobalt bilayer.
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